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We report strong near-infrared absorption peaks in epitaxial films of GaAs and AlAs containing 
approximately 0.5-5%  of the semimetal ErAs. The energy of the resonant absorption peak can be 
changed from 0.62 to 1.0 eV (2 .2-1 .4  fim ) by variation of the ErAs volume fraction and the 
substrate temperature. We interpret the infrared absorption in terms of transitions across an energy 
gap caused by a confinement-induced semimetal-semiconductor transition. An effective mass model 
relates the changes in nanoparticle diameter observed in transmission electron microscopy to the 
energy gap. © 2008 American Institute o f  Physics. [DOI: 10.1063/1.2908213]
Strong near-infrared absorption peaks have been mea­
sured in films of GaAs and GaSb containing nanoislands of 
the semimetals ErAs or ErSb with approximate dimensions
1 7of 1.5 1101X 1 0  1101X 2 0  1101. "  This absorption was inter­
preted as surface plasmon resonances (SPRs) assuming that 
the ErAs islands were bulk-like. Herein, we investigate ab­
sorption from ~ 2  nm diameter nearly spherical ErAs nano­
particles embedded in GaAs or AlAs. We find a similar ab­
sorption feature that can be manipulated both in magnitude 
and peak energy by variation of molecular beam epitaxy 
(MBE) growth parameters.
In this letter, we propose that the absorption from 2 nm 
diameter ErAs nanoparticles is consistent with quantum 
size effects within an effective mass model. The calculated 
confinement energies are sufficient to lift the semimetallic 
band overlap in the ErAs nanoparticles for diameters below 
~ 3  nm, leading to a semiconductor-like energy level ar­
rangement. Previously, evidence for a confinement-induced 
semimetal-semiconductor transition has been found in stud­
ies of Bi nanowires and HgTe nanoparticles. 3 '4
In bulk ErAs, the valence band maximum is at F and the 
conduction band minimum is at X  resulting in (2 -3 )
X l0 20 cm “ 3 electrons and holes .5 Rocksalt ErAs has a 
= 5.74 A resulting in 1.6% lattice mismatch to GaAs and 
1.4% to AlAs .6 '7 When (In,Ga)As or GaAs and 0.1%-6%
ErAs are codeposited by MBE, ~ 2  nm diameter ErAs nano­
particles form .8 '9 These embedded self-assembled nanopar­
ticles are exemplary for investigating semimetallic nano­
structures because of their small size and epitaxial interfaces.
Samples were grown on semi-insulating (001) GaAs in a 
solid-source MBE system. The 200-1000 nm nanoparticle- 
containing layers were grown by simultaneously depositing 
ErAs and GaAs (AlAs) and were capped with 100 nm of 
GaAs at 600 °C. Film compositions were determined from 
ErAs, GaAs, and AlAs film growth rates. Absorption data 
were measured using a spectrophotometer and the absorption 
coefficient was approximated as - ln (T /T Q)/t, where T  is the 
measured sample transmission, TQ is the transmission of a 
GaAs substrate, and t is the ErAs-containing layer thickness.
A FEI T20 transmission electron microscope (TEM) with
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C ,~ 2 .0 m m  operated at 200 kV was used for high- 
resolution imaging of the particles.
Absorption data from a series of GaAs samples with 
ErAs volume fractions of 0.7%, 2.0%, 3.2%, and 4.5% are 
shown in Fig. 1. The magnitude of the peak increases lin­
early with increasing ErAs volume fraction, suggesting an 
increase in the number of absorbers. This is consistent with 
TEM measurements showing that the ErAs nanoparticle den­
sity increases over the composition range 0.3% -6%  ErAs. 
We interpret the width of the absorption peak as a result from 
the nanoparticle size distribution. The shifting of the absorp­
tion peak with composition is under further investigation but 
may be caused by wavefunction hybridization between nano­
particles as their mean center-to-center spacing decreases 
from —8.4 to 4.5 nm from 0.7 to 4.5% ErAs.
Figure 2(a) presents the absorption from a separate series 
of GaAs films with 3.2% ErAs grown at substrate tempera­
tures from 500-600  °C. The peak energy redshifts 61% 
from 998 to 618 meV over this range of temperatures. Fig­
ure 2(b) presents data from AlAs films containing 3.2% ErAs 
and shows a weaker temperature dependence. In our films 
containing —3% ErAs in GaAs, TEM demonstrates that the 
average diameter increases with deposition temperature and
TH—I—I—I I I—I—I I I—I I I—I—I—I I I I I—I-1—I I I—I—I—I I I I—I—I—I I I I I
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Energy (eV)
FIG. 1. (Color online) (Main) Absorption data for GaAs-HrAs grown at 
600 °C vs HrAs volume fraction. (Inset) Peak absorption coefficient vs HrAs 
volume fraction w'ith best-fit linear trendline.
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MG. 2. (Color online) Absorption data for 3.2% FrAs in (a) GaAs and (b) 
AlAs for different deposition temperatures. The data for AlAs-FrAs layers 
exhibit Fabry-Perot oscillations.
is 1.7, 1.8, and 2.0 nm for films grown at 540, 570, and 
600 °C, respectively. This suggests that the shift in absorp­
tion peak energy may be related to the change in physical 
size of the nanoparticles.
Quantum confinement in the ErAs nanoparticles result­
ing in the opening of an energy gap can account for the 
strong variation of the absorption peak with nanoparticle 
size. We assume that the confinement potentials for electrons 
and holes are provided by the energy difference of the band 
extrema in GaAs and ErAs, as depicted in Fig. 3(a). For 
example, the barrier for holes is given by the GaAs bandgap 
minus the //-type Schottky barrier height for ErAs on GaAs 
plus half of the ErAs overlap. The Schottky barrier 
height for ErAs on n -GaAs varies with crystalline 
orientation ; 10 spherical averaging yields a value of 
—0.75 eV. Using GqW0 quasiparticle-energy calculations, 
we calculate the T -X  overlap in bulk ErAs to be 
—0.7 ± 0 .1  eV with EF being close to midway between the 
band extrema . 11 We consider the possibilities that the elec­
tron confinement is provided by the GaAs Y or X  band 
minima. The confinement potential is 1.12 eV for holes and 
is 1.10 eV (1.56 eV) for the electron Y (X) case.
We model the nanoparticles with a spherical finite-step 
potential V (r)= -V 1} for radius r < a  and V(r) = 0 for r ^ a .  '  
The ground state energies are found from
1 d  ^
* . IrKV'Wm. dr
1 d  ^
: * ln(V'out) 
m . dr
( 1 )
We use the heavy hole masses ;h ^ /;h 0 =0.5 (0.76) for GaAs 
(AlAs). For ErAs, our G()W() calculation yields m*h/m (j 
= 0.235 at T. The G()W() calculations give m * , /m (>=0.176
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FIG. 3. (Color online) Schematic band diagrams (a) before and (b) after 
accounting for quantum confinement in a 2 nm nanoparticle assuming the 
GaAs X barrier. Regions with continuous density of states are shaded.
X  electrons
*
and /;h0= 1.289 for the band-edge 
in ErAs, and we use m * /m (j=0.23 (0.22) and m'[[Jm(j= 1.3 
(0.97) for GaAs (AlAs). ‘ Spherically averaging the prin­
ciple axes of the X  pocket using
m
3me ±m
e-x 2m„ ii + m
(2)
e,l
 0 u i/D
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results in m*x /m f) = 0.25, 0.32, and 0.30 for ErAs, GaAs, and 
AlAs, respectively. For GaAs, m* r was taken as 0.066;h0.
For ErAs nanoparticles in GaAs, solving Eq. (1) for both 
electrons and holes predicts the opening of a bandgap for 
diameters 2a less than —3 nm. The experimentally observed 
1.7-2.0 nm diameter particles are clearly in this regime. For 
nanoparticles with these diameters, no bound excited states 
exist for electrons or holes. Figure 3(b) depicts the energy 
levels and wavefunctions for a 2 nm diameter ErAs nanopar­
ticle embedded in GaAs within the ^-barrier model. Assum­
ing no shift of the Fermi level in the matrix, the ErAs va­
lence state is occupied while the excited state is unoccupied 
at 0 K. The conduction band minimum in ErAs is composed 
of Er 5d  states, while the valence band maximum is made up 
of As Ap states; thus, optical transitions between the confined 
states are dipole-allowed. We assume that the crystal mo­
mentum selection rule is relaxed because of the nanopar-
to AIP license or convrinht; see httn://anl.am.om/anl/convrmht.isn
173116-3 Scarpulla et al. Appl. Phys. Lett. 92, 173116 (2008)
MG. 4. (Color online) Bxperimental peak absorption energy vs TBM- 
determined BrAs nanoparticle size for 3.2% BrAs in GaAs. Predictions of 
the GaAs „Y and 1' minima models are shown by solid and dashed lines, 
respectively.
tides* extremely small sizes. Thus, we interpret the observed 
absorption as resulting from transitions across the 
confinement-induced energy gap.
Figure 4 plots the calculated energy gap for ErAs nano­
particles embedded in GaAs, the experimentally determined 
absorption peak energies, and the particle sizes from TEM 
measurements. Despite the lower F barrier height, the small 
GaAs m'‘r  pushes the F energies higher than those associ­
ated with the X  barrier. The model assuming that the GaAs X  
minimum provides the confinement barrier gives better 
agreement with the available data. An estimate of the exciton 
correction is given by
1
47re ,.g 0 a
(3)
where s () is the vacuum permittivity, the relative permittivity 
s r is taken as ~ 15  for ErAs, and q is the electron charge. For 
a F 8  nm diameter nanoparticle, Eq. (3) gives 0.11 eV which 
would bring the model using the GaAs X  barrier very close 
to the experimental data. Size measurements of ErAs nano­
particles in AlAs are not available, however, assuming a di­
ameter of 2 nm and applying the X  barrier model results in a 
similar level arrangement and predicted transition energy of
0.55 eV, which is somewhat lower than the peak energies in 
Fig. 2 (b).
Despite the similarities of the absorption features in 
samples containing ErAs nanoislands (1.5 11111X 10 11111 
X 20 11111) and spherical nanoparticles (2 11111 diameter), we 
believe that the underlying physics are different primarily 
because of the redshift of the absorption feature with growth 
temperature. Four mechanisms exist that could redshift a 
SPR in embedded ErAs nanoparticles. 14 First, decreasing the 
nanoparticle carrier concentration would redshift such a 
SPR. However, each ~ 4 x l 0 “ 21 cm 3 ErAs nanoparticle 
would only contain one electron and one hole were its band- 
structure bulklike. Second, if increasing growth temperature 
changed a nanoparticle's aspect ratio, this could cause a red­
shift and dichroism . 2 However, our TEM studies exclude sig­
nificant elongation or contraction along the growth direction 
and we observe no dichroism for light polarized along the
in-plane [110] and [110] directions. Third, boundary scatter-
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ing can change the carrier scattering time and thus SPR en­
ergy. Quantitative Drude modeling of the ErAs dielectric 
constant indicates that the possible change in SPR energy 
from 1.7 to 2.0 11111 diameter particles cannot account for the 
observed 60% redshift. Lastly, dipole coupling between me­
tallic bodies is known to cause SPR redshifts, however, the 
redshift of the peak observed for changing the spacing for
4 11111 diameter Ag nanoparticles from 5 to 0.5 11111 amounted 
to only ~ 2 % . 15 Therefore, the existing experimental evi­
dence does not appear consistent with an interpretation in 
terms of SPRs. | 2
For larger ErAs and ErSb nanoislands, “ the small
1.5 11111) dimension would cause approximately 0.4 eV
confinement energy while contributions from the larger
dimensions would be negligible. It has also been reported
that layers of ErAs in GaAs as thin as 0.7 11111 remain 
, if.
semimetallic. Thus, our interpretation is that such ErAs and 
ErSb nanoislands remain on the semimetal side of the 
semimetal-semiconductor transition.
Optical absorption was investigated in layers of GaAs 
and ErAs with 0.7 -4 .5  vol % embedded epitaxial ErAs 
nanoparticles with diameter of ~ 2  11111. The films exhibit a 
strong absorption feature that can be changed in magnitude 
and peak energy by variation of the growth temperature and 
ErAs fraction. An effective mass model of quantum confine­
ment indicates a semimetal-semiconductor transition and the 
observed absorption is consistent with excitation of electrons 
across the resulting energy gap.
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